In Senegalese sole (Solea senegalensis Kaup), growth is negatively correlated to dietary lipid levels. To understand the molecular basis of this effect a molecular toolbox of 12 genes, including fgf6, fst, mstn1, myf5, mrf4, myod1, myod2, myog, myHC, mylc2, igf1r and insr, was developed. The expression profiles of these genes were investigated in white muscle and liver of fish fed with three dietary lipid levels (4%, 12% and 20%). The expression of igf-I and igf-II was also examined. MRFs and myosins were only expressed in the muscle and, except for myf5, the general trend was a decrease in expression with an increase in dietary lipids. Fgf6 was identified for the first time in liver and its expression augmented in hepatic tissues with increasing dietary lipid levels. A similar tendency was observed for mstn1 and igf-I. The opposite was observed for igf1r expression in muscle and liver. Myog, mrf4, mylc2 and igf1r were highly correlated with growth and nutrient utilisation indices. In addition to its practical implications, this work provides a valuable contribution towards our understanding of the genetic networks controlling growth in teleosts.
INTRODUCTION
Understanding the regulation of growth in fish is of particular importance for successful aquaculture production of any given species. In carnivorous marine fish, lipids rather than carbohydrates have been used as a major non-protein energy source, as it can lead to protein sparing (Cowey et al., 1975; Dias et al., 1998) . In several flatfish species, an increase in the dietary lipid content or a decrease in the protein/fat ratio was shown to have a negative effect on growth or feed efficiency, as reported for the Senegalese sole Solea senegalensis (Kaup) (Borges et al., 2009) , the turbot Psetta maxima (Regost et al., 2001) or the flounder Paralichthys olivaceus (Temminck and Schlegel) (Lee et al., 2000) . It is known that the composition of the diet, and particularly dietary lipids, can influence the endocrine system and alter the expression of genes of the somatotropic axis (Benedito-Palos et al., 2007; Cameron et al., 2007) . But most of the studies on the influence of nutrition in teleost gene expression have focused on the type of amino acids and fatty acids or on the fast and refeeding regimes (Benedito-Palos et al., 2007; Bower et al., 2008; Chauvigné et al., 2003; Hagen et al., 2009; Johansen and Overturf, 2006; Montserrat et al., 2007; Panserat et al., 2008; Rescan et al., 2007) , and there is little or no knowledge on the effects of different dietary lipid contents in the regulation of growth genes.
Growth in teleosts consists mainly in the deposition of protein, and is regulated by genes within the somatotropic/IGF (insulin-like growth factor) axis and by different families of growth factors (De-Santis and Jerry, 2007) . The growth control at the muscle level is mediated by various genes, namely the myogenic regulatory factors (MRFs), growth factor-like members of the fibroblast growth factor family (FGFs), and the transforming growth factor- (TGF-) (De-Santis and Jerry, 2007; Tan and Du, 2002) . Striated muscle tissues have myosin as the major structural component. Both heavy (MyHC) and light chains (MyLC) of myosin exist as multiple isoforms that are tissue and/or developmental stage-specific (Funkenstein et al., 2007; Ikeda et al., 2007) . The MRFs (MyoD, Myf5, Mrf4 and Myog) are a family of highly conserved proteins that are transcription factors for myogenic genes (for a review, see Bergstrom and Tapscott, 2001) . The existence of paralogues and even splice variants of the master transcription factor myoD add a new dimension to the myogenic programme. For example, the tiger pufferfish (Takifugu rubripes Temminck and Schlegel) expresses alternatively spliced transcripts of myoD1 splice variants, which are differentially expressed with temperature during early development (Fernandes et al., 2007) . Myostatin (mstn or gdf-8) acts as a potent negative regulator of skeletal muscle mass by depressing the number of myoblasts and the degree of fibre enlargement, and in teleosts it is likely to regulate growth of non-muscle tissues and even influence the development of immune cells (Helterline et al., 2007; Lee and McPherron, 2001; Terova et al., 2006; Xu et al., 2003) . Myostatin action is antagonised by follistatin (fst), an activinbinding protein that is involved in muscle growth and development (Lee and McPherron, 2001) . Members of the FGF family are potent moderators of critical phases of muscle development. In particular, fibroblast growth factor 6 (fgf6) may play a crucial role because it has an expression profile essentially restricted to developing and adult skeletal muscle (Terova et al., 2006) , and is likely to be associated with the prolonged muscle hyperplasia in fish (Rescan, 1998) . Components of the somatotropic axis as insulin-like growth factors (igf-I and igf-II) are single-chain polypeptides with structural homology to pro-insulin that play a key role in the regulation of metabolism and mytogenic processes (De-Santis and Jerry, 2007; Duan, 1998 
Dietary lipid levels have a remarkable impact on the expression of growth-related genes in Senegalese sole (Solea senegalensis Kaup)
receptor for Igf-I, which is present in a wide variety of cell types (Jones and Clemmons, 1995) . The number of insulin and Igf-I receptors (insr and igf1r, respectively) appears to be physiologically regulated in a similar way, with both undertaking changes in number according to the fish nutritional status (Mommsen, 2001; Planas et al., 2000) . The Senegalese sole S. senegalensis is a common species of high commercial value in Southern Europe and a promising candidate for commercial scale aquaculture (Dinis et al., 1999; Imsland et al., 2003) . Recently, it has been shown that dietary lipid levels have a dramatic influence on the growth of Senegalese sole juveniles (Borges et al., 2009 ) but the molecular basis of this effect is not known. Therefore, the aims of the present study were: (i) to clone and characterise the Senegalese sole orthologues of key genes known to be correlated with growth and development [fibroblast growth factor 6 (fgf6), follistatin (fst), myostatin 1 (mstn1), myogenic factor 5 (myf5), muscle regulatory factor 4 (mrf4), two paralogues of the myoblast determination protein (myod1 and myod2), myogenin (myog), myosin heavy chain (myHC), myosin light chain 2 (mylc2), Igf-I receptor (igf1r) and insulin receptor (insr)], (ii) to identify optimal reference genes for nutrition studies quantifying gene expression, and (iii) to investigate how the expression of these target genes in muscle and liver tissues is influenced by the dietary lipid content.
MATERIALS AND METHODS Feeding experiment and sample collection
The Senegalese sole feeding experiment took place at the CIIMAR facilities (University of Porto, Porto, Portugal) and included diets with different lipids levels (4%, 12% and 20% dry matter, DM) (Table1). Crude protein levels were identical for all diets and approximately 56% DM. Triplicate groups of 20 fish with a mean initial body mass of 9.9±1.8g were distributed among 15 fibreglass tanks (50cm ϫ 35cm) for each treatment. Each tank was supplied with filtered, heated (20±1°C) seawater (30‰). Water temperature, O 2 , salinity, pH and nitrogenous compounds were monitored regularly during the entire trial, and fish were exposed to an artificial photoperiod of 12h:12h light:dark. At the beginning and end of the experiment individual fish masses were recorded. Fish were fed ad libitum by automatic feeders and the ration offered was adjusted daily based on the feed losses in each tank. The experiment was performed in accordance with the European Economic Community animal experimentation guidelines directive (86/609/EEC). At the end of the trial, 24h after their last meal, individual animals were weighed and humanely killed with a sharp blow to the head, following the FELASA category C recommendations. For each diet, samples of fast muscle and liver were carefully macrodissected from eight fish. Tissues were snap frozen in liquid nitrogen and stored at -80°C for three months prior to RNA extraction and cDNA synthesis.
RNA extraction and cDNA synthesis
Approximately 100mg of Senegalese sole muscle or liver was placed into Lysing Matrix D tube (QBiogene/Medinor, Oslo, Norway) containing QIAzol (Qiagen, Nydalen, Sweden) and homogenised for 40s at 6000r.p.m. using the MagNA Lyser instrument (Roche, Mannheim, Germany). Total RNA was extracted according to the Tri reagent method (Sigma, Oslo, Norway) and treated with the gDNA wipeout buffer supplied with the QuantiTect reverse transcription kit (Qiagen) for 5min to remove any trace genomic DNA contamination. Assessment of RNA quality was performed by agarose gel electrophoresis on a 1.2% (w/v) agarose gel containing SYBR safe DNA gel stain (Invitrogen, Carlsbad, CA, USA). RNA samples were then quantified with a Nanodrop spectrophotometer (Nanodrop Technologies/Saven Werner, Kristiansand, Norway). Absorbance ratios (260/280nm) were greater than 1.9, indicating high purity RNA. One microgram of total RNA was used to synthesise cDNA with the QuantiTect reverse transcription kit (Qiagen). The reverse transcription was performed for 30min at 42°C, and following a 3min incubation at 95°C to inactivate the Quantiscript reverse transcriptase, the cDNA was requantified using the Nanodrop spectrophotometer.
Gene cloning and sequencing
Igf-I and igf-II had already been cloned in Senegalese sole and these sequences were retrieved from the NCBI database (GenBank accession numbers AB248825 and AB248826, respectively). For all of the remaining target genes (fgf6, fst, mstn1, myf5, mrf4, myod1, myod2, myog, myHC, mylc2, igf1r, insr) , BLAST similarity searches against the NCBI database (http://blast.ncbi.nlm.nih.gov/Blast.cgi) were performed to identify their orthologues in other teleost species. CLUSTALW alignments (http://align.genome.jp/) were performed and degenerate primers were designed against the most conserved regions of the sequences (Table2). Netprimer (http://www. premierbiosoft.com/netprimer) was used to estimate the melting temperatures of the primers and to investigate the presence of potential dimers and hairpins. Following amplification by polymerase chain reaction (PCR), the products of interest were analysed by agarose gel electrophoresis, excised from the gel with 
Quantitative real-time PCR (qPCR)
For the cloned target genes, specific primers were designed for qPCR (see TableS1 in supplementary material). Primers for the reference genes were based on S. senegalensis sequences retrieved from the NCBI database (Table3). These primers do not distinguish between known splice variants of the target genes. The genomic sequences of orthologous genes from other teleost species were retrieved from Ensembl (http://www.ensembl.org/) and aligned to the experimental cDNA sequences from Senegalese sole with Spidey (http://www.ncbi.nlm.nih.gov/spidey), in order to predict their intron/exon structure. Whenever possible, primers that span at least one intron/exon border were designed to avoid amplification of potential contaminating genomic DNA. The cDNAs were diluted 50ϫ prior to using them as templates for the qPCR reactions. Quantification of gene expression was performed by qPCR with SYBR Green chemistry (Qiagen) on a LightCycler ® 480 (Roche), as detailed elsewhere (Fernandes et al., 2008) . The 10l reactions were prepared in 96-well plates and included 4l of 50ϫ-diluted cDNA template, 1l of each primer pair at 5moll -1 and 5l of QuantiTect SYBR Green containing ROX as reference dye (Qiagen). After sealing the plates with adhesive optical film (Roche), samples were denatured for 15min at 95°C and then subjected to 45 cycles of amplification, according to the following thermocycling profile: denaturation for 15s at 94°C, annealing for 20s at 60°C and C. Campos and others extension for 20s at 72°C. Specificity of the qPCR reaction and the presence of primer dimers were checked by examining the melting curves generated with a dissociation protocol from 65°C to 97°C. Five-point standard curves of a 5-fold dilution series (1:1-1:625) from pooled cDNA were used for PCR efficiency calculation. All samples were run in duplicate and minus reverse transcriptase, and no template controls were included in all plates. A positive plate control was also used. Cycle threshold (C T ) values were determined using the fit-point method using the LightCycler ® 480 software with a fluorescence threshold arbitrarily set to 0.2.
Statistical analysis
Evaluation of expression stability for the five potential reference genes (Table3) was done using the statistical application geNorm (Vandesompele et al., 2002) . Expression of target genes was evaluated by the relative quantification method as reported in Fernandes et al. (Fernandes et al., 2008) . Differences in the expression level of candidate genes with tissue and diet were examined by a one-way analysis of variance (ANOVA) with Holm-Sidak post-hoc tests using the SigmaStat statistical package (Systat software, London, UK). Significance levels were set at P<0.05. When the data did not meet the normality and/or equal variance requirements, a Kruskal-Wallis one-way ANOVA on ranks with a Dunn's test for post-hoc comparisons was performed instead. A Pearson's product-moment correlation (Zar, 1996) was used to compare mean normalised expression data versus growth parameters (Borges et al., 2009 ): daily growth index (DGI), protein efficiency ratio (PER), feed conversion ratio (FCR) and body lipid and protein gains (gkg -1 MBMday -1 ), using the SigmaStat software.
Gene expression data were further subjected to unsupervised hierarchical cluster analysis with GEPAS 4.0 Suite software (http://gepas.bioinfo.cipf.es/), using Pearson's correlation coefficient as a similarity measurement. The silhouette index in ETE Tree Viewer was used to check the quality of each partition. CTSCCRGGGGAGAAGGTG  FJ515910  604  mrf4  TGATGGACCTTTTTGAGAC  CGATGGAGGASAGRCRSAG  EU934042  471  myog  GCTTTTYGAGACCAACCC  GGAATGTCCAYWGGAAAGGC  EU934044  734  myod1  CTVBTGAAGCCGGAYGAC  CCGTCATGCCRTCGGAGCAG  FJ009109  497  myod2  TAYGATGACCCCTGCTTC  CYACGATGCTGGACARAC  FJ009108  569  mstn1  CAGTRGTTCTGAGYGASCARG  ACCATGGMGGGGATCTTGC  EU934043  932  fst  CCATCATGTTTRGGATGCTG  CTGGGATATGTGGTGTTGTC  EU934045  889  fgf6  AAGGYTCCTCAYCAGTATG  CATAWWCKDGGRAGGAARTG  FJ009110  616  myHC  TCTGCTGMAGAGTGCTGAAAC  GGCTCTCTCMAGGTCCATAC  FJ515911  599  mylc2  GGYTCCTCCAAYGTGTTCTC  TGTGATGACGTAGCAGATKTKC  FJ515912  412  Igf1r  CATCAGYTCGAAYAGCATGTC  CARCCMACCCTGGTCATC  FJ515914  480  insr  GRATAGAGTTYCTCAAYGAAGC  GACGCATYTTRGGRTTGWACTG  FJ515913  598 The GenBank accession numbers and expected amplicon sizes are also indicated. 
RESULTS

Growth performance
A detailed analysis of the influence of dietary lipids on growth rate and nutrient utilisation has been reported in a paper directly linked to the present study (Borges et al., 2009 ). In brief, there was an overall decrease in fish growth with a corresponding increase in dietary lipid levels. Sampled fish fed on a diet containing 4% lipids had the highest growth performance (P<0.05), which was significantly higher than those fed on a diet containing 20% lipids but was not significantly different from those fed on a diet with 12% lipids.
Cloning of key myogenic genes from S. senegalensis
Partial coding sequences of myf5 (480bp) and insr (598bp) were obtained by homology cloning of Senegalese sole genes against other teleost species (see Table2 for primers, amplicon size and GenBank accession numbers). igf-I and igf-II had already been cloned in S. senegalensis (Funes et al., 2006) , so their public sequences were used. The amino acid identity of Senegalese sole putative proteins with other vertebrate species is presented as an identity matrix in TableS2 (see TableS2 in supplementary material).
Fst, Mstn-1 and Fgf6
Senegalese sole Fst and Mstn1 putative proteins consisted of 295 and 310 amino acids, respectively. CLUSTALW multiple sequence alignments of S. senegalensis Fst and their orthologues in other vertebrate species revealed higher amino acid identity values among fish species compared with mammals and birds (see TableS2 and Fig.S1 in supplementary material). Mstn1 protein alignments showed that the domain TGF- is extremely conserved across different taxa (see Fig.S2 in supplementary material). Solea senegalensis Mstn1 shared 88% identity with P. olivaceus and 89% with Dicentrarchus labrax (Linnaeus) but lower identity values were observed when comparing with non-teleost species (see TableS2 in supplementary material). The Fgf6 putative protein has 204 residues and has 92% and 85% of amino acid identity with D. labrax and Oncorhynchus mykiss (Walbaum), respectively (see TableS2 and Fig.S3 in supplementary material) .
MRFs
From the S. senegalensis MRFs mRNA sequences, partial putative proteins were found to consist of 200 (Myf5), 156 (Mrf4), 165 (MyoD1), 189 (MyoD2) and 244 (Myog) amino acid residues. CLUSTALW multiple alignments revealed a generally very high amino acid identity with other teleost species but relatively lower identity values when sequences from Gallus gallus (Linnaeus), Mus musculus (Linnaeus) or Homo sapiens (Linnaeus) were compared (see TableS2 and FigsS4-S8 in supplementary material).
MyHC and Mylc2
The putative proteins of Senegalese sole MyHC and Mylc2 consist of 199 and 137 amino acids residues, respectively, and revealed an exceptionally high degree of conservation throughout different vertebrate taxa, showing values above 90% of amino acid identity with other teleosts, and above 80% with species like G. gallus, M. musculus or H. sapiens (see TableS2 and FigsS9 and S10 in supplementary material).
IR and Igf1R
Igf1R and IR partial putative proteins were found to consist of 160 and 199 amino acid residues, respectively. Multiple CLUSTALW alignments showed that both receptors are extremely conserved among different vertebrate taxa, particularly within teleost species (see TableS2 and FigsS11 and S12 in supplementary material).
Expression profiles of candidate housekeeping genes
All samples had C T values within the linear dynamic range of the corresponding calibration curves and there was no amplification in the no-template controls. Of the five potential housekeeping genes (Actb2, HSP90AB, Ubq, rpS4 and Eef1a1, see Table3 for details), Eef1a1 and rpS4 were selected by geNorm as being the most stable and suitable gene pair for Senegalese sole muscle studies, and were therefore used to normalise the target gene expressions (Fig.1A) . For liver gene expression analysis, Eef1a1 and Ubq were found to be the most stable genes (Fig.1B) . However, the geNorm output showed that including one additional reference gene (Actb2) improved the reliability of the normalisation factor for the liver (Fig.1B) , because the values for the pairwise variation between two sequential normalisation factors were above the threshold value of 0.15.
Relative expression of target genes
Similarly to what was observed for the reference genes, all samples had C T values that were within the linear dynamic range of the calibration curves, and the no-template controls produced no amplification. Analysis of relative expression of target genes in fish fed with diets containing 4%, 12% and 20% lipids (D4, D12 and D20, respectively) revealed a number of significant differences in the transcript levels between diets (Figs2 and 3) . fst expression decreased moderately from D4 to D12 (Fig.2A ). mstn1 did not show significant differences among the diets but the highest expression values were revealed in D20 both liver and muscle (Fig.2B ). Relative expression of fgf6 showed an increase by 3.7-fold in liver transcript levels from D4 to D20, with a significant difference between D4 and D20 (P<0.05, Fig.2C ). igf-I increased approximately 2-fold from D4 to D20 in liver tissues (P<0.05) but no significant differences were seen in the muscle, although a slight decrease in expression was observed from D4 to D20 (Fig.2D) . For igf-II no significant differences were observed among the diets, even if a small decrease was seen from D4 to D20 in the muscle (Fig.2E ). igf1r showed a descending trend expression from D4 to D20, both in the liver and muscle (Fig.2F ). Relative expression of the insr did not significantly differ among diets (Fig.2G ).
C. Campos and others
myf5 did not differ significantly among treatments, although the highest expression value in muscle was observed in D20 and the lowest in D4 (Fig.3A) . In muscle tissues, mrf4 mRNA levels decreased considerably from D4 to D12, and from D12 to D20 (P<0.05) (Fig.3B) . The paralogues myod1 and myod2 showed no significant differences among the diets (Fig.3C,D) . However, there was a small decrease in expression from D4 to D12 and to D20, although for myod2 the relative expression in fish fed with 20% lipids was slightly superior than those fed with 12% lipids (Fig.3D) . myog expression profiles did not reveal significant differences among treatments but showed a downward trend in relative expression from D4 to D20 (Fig.3E) . myHC did not show any significant differences among diets but the highest expression value was observed in D4 ( Fig.3F) . For mylc2, a significant decrease by 1.5-fold in transcript levels was seen between D4 and D20 (P<0.05, Fig.3G ). 
Gene expression and growth parameters
fgf6 expression in muscle was positively correlated with PER (P<0.05, R0.77) and negatively correlated with FCR (P<0.05, R-0.79) (Table4). Protein gain was positively correlated with myog (P<0.05, R0.90) and mrf4 (P<0.05, R0.86) expression in the muscle. DGI was also positively correlated with myog (P<0.05, R0.95) and mrf4 (P<0.05, R0.92) expression, as well as PER (P<0.05, R0.79 for myog, and P<0.05, R0.84 for mrf4). mylc2 expression in the muscle was positively correlated with body protein gain (P<0.05, R0.76) and PER (P<0.05, R0.76) but negatively correlated with lipid gain (P<0.05, R-0.82) and FCR (P<0.05, R-0.84). A significant but negative correlation existed between total lipid gain and myHC expression in the muscle (P<0.05, R-0.78) (Table4).
Positive correlations were found between body protein gain and igf1r expression in the liver (P<0.05, R0.89) and also with DGI (P<0.05, R0.80) as well with PER (P<0.05, R0.88); however, a negative correlation occurred between igf1r expression in the liver and FCR (P<0.05, R-0.91) (Table4).
The relationships between igf-I expression in muscle and DGI or protein gain were not significant (R0.68 and R0.66, respectively). mylc2 was not significantly correlated with DGI but had a high correlation value (R0.70).
Hierarchical clustering of gene expression
Hierarchical clustering of gene expression was used as a visualisation tool to identify expression patterns among replicates. Genes were clustered vertically according to the similarity in their expression 3 . Relative expression of myf5 (A), mrf4 (B), myod1 (C), myod2 (D), myog (E), myHC (F) and mylc2 (G) in fast muscle of Senegalese sole juveniles fed with different diets (D4, D12 and D20). Transcripts were quantified by qPCR and normalised using the geometric average of suitable reference genes. Data are expressed in arbitrary units. Error bars indicate the standard error of the mean for each treatment (N8). Different superscript letters indicate significant differences among dietary treatments (a, b, c for muscle; x, y, z for liver).
across different diets (Fig.4) . In fast muscle, mstn1 was placed in a separate node relative to all of the other genes, indicating a distinct expression pattern whereas the MRFs mrf4, myog and myod1 were clustered together (Fig.4A ). In the liver, two main clusters were obtained: one with igf1r, igf-II and fst, and another containing with fgf6, igf-I, insr and mstn1, in which msnt1 occupied a superior hierarchical position (Fig.4B) .
DISCUSSION
Understanding the underlying mechanisms of growth in fish has been a major focus for an effective and successful aquaculture production, and the nutritional impact on gene regulation has been receiving increased attention in aquatic research (for reviews, see Duan, 1998; Johnston et al., 2008) . The present study focused on the nutritional modulation of the expression of key growth related genes in Senegalese sole. Differences in growth caused by dietary lipid content have been reported for this species where high-fat diets increased whole-body fat as well as dietary treatments affecting tissue lipid content (Dias et al., 2004) . Moreover, the lipogenic pathway is more susceptible to regulation by lipid intake than the glycolytic pathway (Dias et al., 2004) . The complete report of the present experiment concerning growth parameters is detailed in Borges et al. (Borges et al., 2009) .
Choosing appropriate housekeeping genes is an essential step prior to any gene expression study. Our study examined five potential reference genes that have been tested in flatfish (Fernandes et al., 2008; Infante et al., 2008) , and according to the geNorm application, Eef1a1 and rpS4 were selected for accurate normalisation of target gene expression in muscle whereas Eef1a1, Ubq and Actb2 were selected for normalisation of gene expression in liver.
The present work identified 12 new partial coding sequences for key genes involved in growth and development in S. senegalensis (Table2), and their putative proteins showed high conservation across various teleost species (see TableS2 in supplementary material). In particular, myod1 and myod2 paralogues were also identified in Senegalese sole. When comparing with non-teleost protein sequences, the myosins, Igf1R and IR partial proteins of Senegalese sole were the most conserved genes (see TableS2 in supplementary material), consistent with the fact that they share C. Campos and others structural features and functional similarities with fish and other vertebrate counterparts (Elies et al., 1999; Ikeda et al., 2007; Planas et al., 2000) . The Mrf4 partial amino acid sequence revealed a reasonably high identity with mammals and birds, and follistatin also showed high identity across taxa, as previously found for the gilthead seabream Sparus aurata (Linnaeus) (Funkenstein et al., 2009 ). The other Mrfs had a low degree of conservation across taxa, similar to what was reported for other teleosts (Gregory et al., 2004; Johansen and Overturf, 2005) ; however, the specific domain, bHLH was always highly conserved (see FigsS4-S8 in supplementary material), which is consistent with other studies (De-Santis and Jerry, 2007) . Fgf6 partial sequence was less conserved when compared with non-teleost species, and it showed similar identity with M. musculus, H. sapiens and O. mykiss (Rescan, 1998) . The mstn transcript was identified as mstn1, and the TGF- specific domain of the protein was exceptionally conserved (see Fig.S2 in supplementary material), suggesting a high degree of conservation in gene function.
Growth factors such as Mstn have been identified as key peptides in the regulation of myogenesis in vertebrates by repressing skeletal muscle growth through inhibiting both muscle cell hypertrophy and hyperplasia (Lee and McPherron, 2001; Terova et al., 2006; Thomas et al., 2000; Xu et al., 2003) . In teleosts, including the flatfish P. olivaceus, the ubiquitous expression of mstn suggests different physiological functions other than skeletal muscle growth and it proposed that mstn might even influence the development of immune cells (Funkenstein et al., 2009; Gregory et al., 2004; Zhong et al., 2008) . In the present study, no significant differences were observed for the mstn1 expression profile among the treatments but the highest expression was seen in fish from D20 for both muscle and liver (Fig.2B) , supporting the idea that Mstn limits growth and can be nutritionally regulated. Mstn has been shown to be involved in compensatory growth induced by refeeding and upregulated during fasting in sea bass (Terova et al., 2006) . However, in the present work, fish from D12 showed the lowest mRNA signal and, apparently with this intermediate diet, growth could be less restrained by mstn1 and more controlled by other growth factors.
No correlation was found between S. senegalensis growth and fst expression, but a negative correlation between total lipid gain and fst expression in the liver may indicate that liver metabolism is affected by lipid intake, and the importance of this protein in growth. Fst is known to inhibit Mstn but it is likely that the changes in mstn1 expression were not sufficient to promote any adjustment in fst mRNA signal.
fgf6 was found to be expressed in both muscle and liver of Senegalese sole (Fig.2C) . To our knowledge, this is the first time that this fibroblast growth factor was detected in hepatic tissue. Moreover, its expression in the liver was upregulated by 3.7-fold from fish fed with D4 to D20 (Fig.2C) . The prolonged muscle hyperplasia in fish is associated with the continuous expression of fgf6 until the adult stage, and in trout, accumulation of fgf6 transcripts was seen in muscle, testis and brain tissues but not expressed in liver tissue (Rescan, 1998) . In our study, fgf6 expression in S. senegalensis fast muscle showed a decrease (although not significant) with an increase in dietary lipid and, interestingly, it was positively correlated with PER but negatively with FCR, suggesting an important role of fgf6 in growth regulation. However, the significant increases in the transcript levels in hepatic tissues are not easily explained, because this is the first time that fgf6 was reported in the liver. As pointed out by Rescan (Rescan, 1998) , fgf6 transcription in tissues other than muscle suggests a conservation of the regulatory elements within the promoter driving the tissuespecific expression.
In fish, nutritional status has an influence in the igf-I expression patterns (Duan, 1998) , and igf-I mRNA levels have been extensively shown to be regulated by starvation and/or different diet composition, highlighting the complexity of physiological regulation of growth in fish (Benedito-Palos et al., 2007; Cameron et al., 2007; Chauvigné et al., 2003; Duan, 1998; Hagen et al., 2009; Montserrat et al., 2007) . Increases in muscle igf-I transcript levels after refeeding were observed in the Atlantic halibut Hippoglossus hippoglossus (Linnaeus) (Hagen et al., 2009) , in the muscle and liver of seabream S. aurata (Benedito-Palos et al., 2007) and it was upregulated in the switching to fast growth in the Atlantic salmon Salmo salar L. (Bower et al., 2008) . In the present study, igf-I expression in the liver increased significantly from D4 to D20, whereas a slight decrease in the muscle was observed (Fig.2D ). Hepatic transcript levels were found to be positively correlated with fish growth in coho salmon Oncorhynchus kisutch (Duan et al., 1995) and in Nile tilapia, Oncorhynchus niloticus (Cruz et al., 2006) but our findings disagreed with these results, because significantly higher hepatic mRNA levels were found in fish with the lowest growth rate (D20) (Fig.2) . The positive relationships between igf-I expression in the muscle with DGI and protein gain may also indicate the importance of this growth factor in fish muscle growth. An opposite trend was observed for the igf1r signal in the muscle and liver, in which there was a decrease in expression from D4 to D20 (Fig.2F) . Moreover, the significant correlations obtained between igf1r expression in hepatic tissue and protein/lipid gain, DGI, PER and FCR highlight the relationship between igf1r expression and growth, as well as how this receptor is influenced by nutritional factors. Our results for igf1r expression patterns, even though not significantly different, are in line with those reported by Elies et al. (Elies et al., 1999) in turbot, where a higher signal was observed in muscle tissues, suggesting a positive correlation with the continuous growth of fish. In our study, a general downregulation of igf-II was observed from D4 to D20, showing a parallel with the decrease in fish growth (Fig.2E ). Fasting and refeeding experiments showed that the abundance of igf-II in the muscle increased during fasting in Atlantic halibut (Hagen et al., 2009) . In S. aurata, igf-II mRNA levels in the skeletal muscle were downregulated upon replacement of fish oil by vegetable oil in the diets, and total replacement of fish oil resulted in a decrease in growth (Benedito-Palos et al., 2007) . Our results seem to support the hypothesis that in fish Igf-II may have an important role in growth throughout life, and its expression is upregulated in conditions were growth is promoted. The number of insulin receptors can undergo changes in number, and it is known that the typical low number of insulin receptors in fish tissues is upregulated after an increase in the circulating insulin levels in order to augment the tissue response to insulin (Mommsen, 2001; Parrizas et al., 1994; Planas et al., 2000) . In the present study, it was found that the amount of hepatic insr transcripts showed a nonsignificant but regular increase that paralleled the increase in dietary lipid levels whereas in the muscle a small transcript decline between D4 and the diet with highest fat content was observed (Fig.2G) . Fish, particularly carnivorous species, show insulin resistance-like metabolic behaviour (Moon, 2001) . In mammals, levels of storage triglyceride in skeletal muscle are inversely related to insulin action (Storlien et al., 1997) , and high fat diets have been positively related with hyperinsulinemia, hyperglycaemia and with decreases in the responsiveness of muscle glucose transporter GLUT4 to insulin (Hansen et al., 1998; Kim et al., 2000; Storlien et al., 1997) . The ascending trend in insr transcript signal in Senegalese sole liver tissue from D4 to D20 seems to indicate the response of the liver to a great increase of insulin in the blood stream. However, plasma insulin was not measured in our study, and differences in insr expression across the diets were not significant, so one can only speculate about what was observed in the expression trends.
Except for myf5, the expression patterns of the MRFs revealed a general descending trend from fish fed with D4 to D20, and were only expressed in the muscle (Fig.3A-E) . The significant correlations obtained between mrf4 and myog expression with DGI, PER, FCR and protein gain probably point to the importance of these two MRFs in the growth and protein accretion processes. myog and mrf4 act in the terminal differentiation and fusion of myotubes, and mrf4 is also a determination gene (Johansen and Overturf, 2005; Kassar-Duchossoy et al., 2004; Pownall et al., 2002) , so the lower growth of the fish from D20 may be related with less myoblast specification and proliferation. Studies in rainbow trout showed that starvation had a dramatic impact in myog mRNA abundance in the muscle, with a great decrease in 30 days of starvation and an increase with refeeding (Johansen and Overturf, 2006) . In our study, myf5 mRNA abundance in the muscle slightly increased from fish fed with 4% lipids to 20% lipids (Fig.3A ). This opposite trend is not easy to explain, and little is known on the nutritional regulation of MRFs. However in mice, Myf5 is involved in muscle homeostasis and in acute and chronic regenerative myogenesis (Gayraud-Morel et al., 2007) , so perhaps the trend in myf5 expression that we observed in Senegalese sole muscle could be related with an attempt to sustain growth in adverse conditions. Expression of myoD paralogues was not significantly different among treatments, although the fish from D4 had the highest amount of transcripts ( Fig.3C,D) , which can be related with the findings for the Antarctic plunder fish Harpagifer bispinis, where the expression of myoD was enhanced by feeding, suggesting an activation in the proliferation of myogenic progenitor cells (Brodeur et al., 2003) .
Senegalese sole myHC and mylc2 were only expressed in the muscle (Fig.3F,G) . In mylc2 transcript levels, a significant decrease was seen between D4 and D20 (Fig.3G) , which could be related with fish growth performance, supported by the positive correlations between PER and total protein gain with mylc2 expression in the muscle, and the negative correlation between FCR and lipid gain with mylc2 expression (Table4). Nevertheless, little is known about the C. Campos and others specific regulation of MyLC (Funkenstein et al., 2007) . myHC expression did not show any significant variation among diets but was negatively correlated with total body lipid gain (Table4). In the Atlantic salmon it was found that myHC expression was highly correlated with protein accretion, and its expression could be used as a potential marker for fish growth (Hevrøy et al., 2006) but in Senegalese sole mylc2 seems a more proper molecular marker for growth.
Hierarchical clustering of genes in fast muscle separated mstn1 from all the other genes (Fig.4A ). Its position in the tree is in agreement with the hypothesis that Mstn1 may act in a superiorly hierarchical position relatively to other growth factors (Fig.4A) , repressing skeletal muscle growth in the smaller fish. The two main clusters obtained in hepatic tissue were in line with the gene expression results, as one group was upregulated from D4 to D20, and the other group showed a slight decreasing trend in expression ( Fig.4B) .
Our findings strongly suggest that dietary lipid level has a great impact on the expression of genes related with growth in S. senegalensis. Transcripts in the liver and muscle showed different changes according to dietary lipid content and gene expression in these tissues seemed to be differently regulated with respect to nutritional status, as revealed by the gene clustering analysis. Importantly, the expression of mylc2 and mrf4 in fast muscle was significantly influenced by dietary lipids, and their expression levels correlated with several growth parameters, suggesting that they could be useful molecular markers for growth in Senegalese sole. Although not exhaustive, this study was a first approach to determine nutritional gene regulation in Senegalese sole. In addition to insulin, it would be of great interest in the future to examine for genes such as somatostatin and growth hormone. It is also essential to investigate the nutritional regulation of growth-related genes during ontogeny of Senegalese sole is also required.
